Arf GTPase-activating proteins (Arf GAPs) were first identified as regulators of the small GTP-binding proteins ADP-ribosylation factors (Arfs). The Arf GAPs are a large family of proteins in metazoans, outnumbering the Arfs that they regulate. The members of the Arf GAP family have complex domain structures and some have been implicated in particular cellular functions, such as cell migration, or with particular pathologies, such as tumor invasion and metastasis. The specific effects of Arfs sometimes depend on the Arf GAP involved in their regulation. These observations have led to speculation that the Arf GAPs themselves may affect cellular activities in capacities beyond the regulation of Arfs. Recently, 2 Arf GAPs, ASAP1 and AGAP1, have been found to bind directly to and influence the activity of myosins and kinesins, motor proteins associated with filamentous actin and microtubules, respectively. The Arf GAP-motor protein interaction is critical for cellular behaviors involving the actin cytoskeleton and microtubules, such as cell migration and other cell movements. Arfs, then, may function with molecular motors through Arf GAPs to regulate microtubule and actin remodeling.
Introduction
The ADP-ribosylation factors (Arfs) are guanine nucleotide binding proteins that regulate membrane traffic and the cytoskeleton. [1] [2] [3] [4] Humans have 5 isoforms, divided into 3 classes: Arf1 and 3 (class 1), Arf4 and 5 (class 2) and Arf6 (class 3). Arf function depends on switching between inactive ArfGDP and active ArfGTP. A cycle between the 2 forms is achieved by exchanging GTP for GDP to form ArfGTP and then hydrolyzing GTP to switch back to ArfGDP. Arfs, however, have low intrinsic exchange and no detectable GTPase activity. Arf function, therefore, depends on guanine nucleotide exchange factors (Arf GEFs) and Arf GTPase-activating proteins (Arf GAPs), which drive the cycle of GTP binding and hydrolysis. Studies examining the role of the GAPs in Arf-dependent cellular activities have revealed that the role of the GAPs may extend beyond inducing GTP hydrolysis by Arfs since the particular cellular activity controlled by an Arf also depends on the Arf GAP with which it associates.
The Arf GAPs are a diverse family of proteins with a common Arf GAP domain necessary for catalyzing the hydrolysis of GTP bound to Arf. 2, [4] [5] [6] The Arf GAPs outnumber the Arfs, with 31 human genes encoding Arf GAPs, some of which encode multiple splice variants. The Arf GAPs have complex domain structures (Fig. 1A) . The function of the Arf GAPs is in part dependent on the Arf GAP activity, but GAP activity is often not sufficient to explain the cellular effect of an Arf GAP. The Arf GAPs may also function as scaffolds or adaptors, described for GITs 7 and considered for ASAP1 8, 9 and AGAP2, [10] [11] [12] or as subunits of coat proteins that mediate membrane trafficking, described for Arf GAP1 and ACAP1. [13] [14] [15] Arf GAPs have also been found to bind to myosins and kinesins, 16 ,17 molecular motors associated with the actin cytoskeleton and microtubules, respectively. These molecular motors catalyze hydrolysis of ATP and use the energy released to generate force to move vesicles, slide cytoskeletal filaments or change dynamics of actin filaments or microtubules. [18] [19] [20] Numerous biologic functions require force-dependent processes that are mediated by myosins and kinesins. Recent results indicate the Arf GAP-motor protein complexes may have effector function, potentially explaining how an Arf GAP could determine a specific cellular effect of an Arf. In this review, we focus our discussion on ASAP1 association with nonmuscle myosin 2A 16 and AGAP1 association with kinesin-13 17 and their role in the regulation of cell adhesions and migration.
ASAP1 and nonmuscle myosin 2A (NM2A)
ASAP1 is composed of a BAR, PH, Arf GAP, 3 ankyrin repeat, proline rich, E/DLPPKP tandem and SH3 domains (Fig. 1A) . 5, 21 ASAP1 prefers class 1 and 2 Arfs to class 3 Arf as substrates. 21 It associates with and regulates actin based structures, including focal adhesions (FAs), invadopodia and circular dorsal ruffles (CDRs). [22] [23] [24] ASAP1 binds to several oncogenes including focal adhesion kinase (FAK), Src, CrkL and cortactin. 21, 23, [25] [26] [27] The gene for ASAP1 is amplified in several cancers, including uveal melanoma and breast, ovarian, prostate and colon cancers, and this amplification correlates with increased invasion and metastasis. 8, 24, [28] [29] [30] [31] ASAP1 potentiates invasion and metastasis in animal models. 8 The molecular basis for the role of ASAP1 in these events is beginning to be uncovered. Part of the effect is through regulation of integrin trafficking. 32 Recently, ASAP1 association with nonmuscle myosin 2A (NM2A) was discovered, 16 which may directly affect actin-NM2A dynamics important for cytoskeleton remodeling, cell adhesion and the accompanying cellular changes.
Nonmuscle myosin 2 (NM2) belongs to class II myosins, which is the largest group in the myosin superfamily. 33, 34 NM2 proteins are composed of 2 heavy chains, 2 essential light chains (ECL), and 2 regulatory light chains (RLC) (Fig. 1B) . There are 3 different heavy chain isoforms encoded by 3 different genes, which specify the isoform of the overall NM2 to be NM2A, 2B or 2C. The heavy chains contain 2 globular head domains, which bind ATP and F-actin, followed by a neck region, a long a-helical rod domain and a non-helical tail. NM2 activity is critical for cell migration. In mesenchymal cell migration, NM2 regulates protrusion of the leading edge by generating actin retrograde flow and bundling F-actin. It also promotes adhesion maturation and is responsible for retracting the cell rear. Blebbing or the amoeboid mode of migration also depends on NM2.
35 NM2 contributes to the different modes of migration due to its ability to cross-link F-actin and move along F-actin to induce contractility.
One of the most prominent contractile structure in cultured cells is the actomyosin stress fiber. Stress fibers can be divided into 3 main types: transverse arcs, dorsal or radial stress fibers, and ventral stress fibers ( Fig. 2A) . 36 Transverse arcs are curved actomyosin structures consisting of alternate a-actinin and NM2 bundled actin filaments. Arcs orient parallel to the leading edge of the cells and move inward to the cell center as cells migrate. Dorsal stress fibers are connected to FAs at one end and elongate toward the dorsal side of the cells through VASP and Dia 1 formin-mediated actin polymerization at FAs. Dorsal stress fibers do not typically contain NM2. They transmit contractile force to FAs through the interaction with the transverse arcs, which contain NM2. Ventral stress fibers are actomyosin bundles that attach to FAs at both ends and often localize at central and posterior parts of the cells. Ventral stress fibers are thought to develop from transverse arcs captured by dorsal stress fibers. The mechanisms underlying the assembly of various contractile actomyosin structures are still being discovered.
Arfs have been implicated in control of NM2 pathways. Two Arf GEFs, BIG1 and BIG2, negatively regulate NM2 activity. 37 The BIGs promote dephosphorylation of RLC by stabilizing the phosphatase (PP1/PP1cd)-NM2A interaction and mediating a decrease in NM2-dependent contractility. Arfs may also regulate NM2 by mechanism involving Rho family members. Arf1 knockdown inhibits the EGF-stimulated activation of RhoA and RhoC, as well as the downstream activation of NM2, measured by RLC phosphorylation on Thr18/Ser19. 38 Constitutively active mutants of RhoA or RhoC rescue the defect in migration in Arf1 knockdown cells. Therefore, active Arf1 promotes RhoA and RhoC activity, which in turn activate NM2 in response to EGF. Arf1 may also work downstream from or in parallel with RhoA. The constitutively active mutant Arf1[Q71L] potentiates the effect of active RhoA on assembly of stress fibers.
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Arf GAPs have also been examined as regulators of NM2 and NM2-regulated cellular structures such as the actin stress fibers and integrin adhesions. ASAP1, the most extensively studied of the Arf GAPs, controls the dynamics of actomyosin structures important for cell migration and invasion, and the effect may be caused by direct binding to and regulation of cytoskeleton proteins. 16 NM2A was identified as a possible binding partner of ASAP1 in a proteomic screen. The interaction was mediated by the N-terminal BAR domain of ASAP1, which also mediates homodimerization. 40 The proteins coimmunoprecipitated from cells and knockdown of NM2A and ASAP1 resulted in similar phenotypes with smaller integrin adhesions, more rapid 2-D migration, faster cell spreading and increased formation of CDRs on treatment with platelet-derived growth factor. The effect of ASAP1 knockdown could be rescued by expression of siRNA resistant ASAP1, but not by ASAP1 lacking the domain that bound to NM2A. Additionally, the effect of ASAP1 knockdown on cell spreading and CDRs could be rescued by expression of exogenous NM2A, but exogenous ASAP1 could not rescue function in NM2A knockdown. These results suggest that ASAP1 is a positive regulator of NM2A.
ASAP1 effects on integrin adhesion maturation may be related to its control of transitions between different types of actin stress fibers ( Fig. 2A ). ASAP1 associates with integrin adhesions, including highly dynamic nascent adhesions at the cell periphery as well as the mature, more stable FAs. 16, 22, 25, 26 Knockdown of ASAP1 disrupted actomyosin stress fibers in fibroblasts with decreased colocalization of NM2A with F-actin. Moreover, ASAP1 and NM2A appeared to colocalize at the proximal part of FAs to which dorsal and ventral stress fibers anchored. We speculate that ASAP1 could be recruited to a site of actin remodeling, such as a nascent adhesion, by binding to FAK and Crk. [25] [26] [27] At the site, ASAP1 controls the association of NM2A with F-actin thereby stabilizing the connection between dorsal stress fibers and transverse arcs. Consequently, contractile force could be applied to the nascent adhesion, resulting in its maturation into FA (Fig. 2B ). Understanding the possible role of the ASAP1-NM2A complex in these cellular activities will require determining the nature of the change in NM2A activity on ASAP1 binding and the mechanisms regulating the association of ASAP1 with NM2A.
There are multiple ways that ASAP1 might affect NM2 activity. NM2 monomers exist in 2 conformations: an inactive folded 10S form and the extended 6S form (Fig. 1C) . 33, 34 To bind F-actin and contract, NM2 must be in the 6S form that can assemble into antiparallel bipolar NM2 filaments. The transition from the 10S to Figure 2 . Model for ASAP1 function through NM2A to control maturation of stress fibers and associated integrin adhesions. (A) Hypothetical model for assembly of contractile stress fibers. Transverse arcs are assembled by endwise joining of NM2 and a-actinin crosslinked F-actin. The dorsal stress fibers emanating from integrin adhesions attach to arcs to form a continuous contractile stress fiber networks. The network contracts and flow toward the cell center. Ventral stress fibers are generated from transverse arcs located between 2 dorsal stress fibers. (B) ASAP1 couples assembly of actomyosin stress fibers to maturation of FAs. 1. Integrins are delivered to the cell surface and make contact with the extracellular matrix resulting in their activation. 2. Activated integrins recruit several proteins such as talin and paxillin, which recruit additional proteins including Crk and FAK. 3. ASAP1 is recruited to the nascent adhesionsvia binding of its proline rich domain to Crk and binding of its SH3 domain to FAK. 4. ASAP1 associates with PIP2 and ArfGTP that are enriched in the forming adhesions. 5. PIP2 and ArfGTP-bound ASAP1 interacts with NM2A (note that the roles of PIP2 and Arf in NM2A association are purely speculative, see text), stabilizing association of NM2A with actin filaments at the junction between dorsal stress fibers and transverse arcs. 6. Contractility of actomyosin stress fibers drives enlargement and maturation of the integrin adhesion.
6S conformation is known to be regulated by RLC phosphorylation on Thr18/Ser19. Several kinases mediate RLC phosphorylation and are considered as activators for NM2, including Rho-associated, coiled coil-containing kinase (ROCK), myosin light chain kinase (MLCK), myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK), among others. On the other hand, dephosphorylation of RLC by myosin phosphatases like PP1, inhibits NM2 activity. In fact, ROCK activates NM2 not only by direct phosphorylation of RLC but also by phosphorylating and inhibiting PP1. ROCK, MLCK and MRCK, are regulated by Rho family members. For example, RhoA activates ROCK, leading to stress fiber formation whereas Rac activation often antagonizes RhoA function, in part by activating PAK, which inhibits MLCK.
Phosphorylation of the rod domain and non-helical tail or binding of other proteins to these regions also affect NM2 bipolar filament formation. ASAP1 may promote NM2 activity by facilitating 10S to 6S transition or antiparallel association of their rod domains through the physical interaction. ASAP1 was found to stably associate with sedimentable forms of NM2 in vitro, 16 which could indicate a preference for the extended form of the protein. Alternately, the effect of ASAP1 could be through regulation of RLC phosphorylation. Since ASAP1 directly interacts with NM2A, one hypothesis is that ASAP1 stabilizes a form of NM2A that facilitates phosphorylation or acts as a scaffold to bring the kinase and NM2A together. Another possibility is that ASAP1 also binds to actin filaments (unpublished). By binding to both NM2A and F-actin, ASAP1 could control their association/dissociation kinetics. The result that colocalization of NM2A and F-actin is reduced in ASAP1 knockdown cells is consistent with this idea. These mechanisms are not mutually exclusive and are currently being investigated.
ASAP1 connects cellular signaling to actin remodeling. The C-terminal region of ASAP1 binds to several oncogenes that have effects on cell migration, invasion and metastasis including Src, FAK and Crk. 8, 9, 21, [23] [24] [25] 27 Moreover, phosphorylation of ASAP1 by Src is important to ASAP1s regulation of the actin cytoskeleton. 23, 25, 27 These interactions may regulate ASAP1-NM2A function, similar to regulation of the F-BAR domain of syndapin by its SH3 domain. 41 In addition, binding partners of the ASAP1 BAR domain, 42 such as FIP3, may compete with NM2A for binding and block NM2-dependent ASAP1 function. Thus, the role of the BAR domain and the C-terminal region-binding partners of ASAP1 in controlling the ASAP1-NM2A interaction represents an important area yet to be explored. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and ArfGTP may also be important for regulating ASAP1-NM2A interaction. PI(4,5)P2 has been found to be important for both ASAP1 and NM2 function. PI (4,5)P2 binding to the PH domain of ASAP1 activates Arf GAP activity of ASAP1, [43] [44] [45] [46] possibly through inducing a conformational change that increases the affinity for the substrates Arf1 and Arf5. Arf3 and Arf4 have not been examined. Several lines of evidence support the idea that, in ASAP1, the PH and Arf GAP domains contribute to the regulation of the BAR domain. First, the isolated BAR domain is not stable, but the BAR-PH tandem is, suggesting the PH domain is important to folding of the BAR domain. Second, based on modeling, the N-terminus of the BAR domain inserts an inhibitory motif into the PH-Arf GAP tandem 40 and NM2A binding to the BAR domain increases PI(4,5)P2-dependent GAP activity. Third, the BAR-PH tandem binds NM2A more efficiently than a recombinant protein containing the BAR, PH and Arf GAP domains. 16 Thus, ligands binding to the PH and Arf GAP domains, PI(4,5)P2 and ArfGTP, might influence association of ASAP1 with NM2, as depicted in the hypothetical scheme presented in Fig. 3 . PI(4,5)P2 is also important for NM2A function. During cellularization of Drosophila embryo, increased PI(4,5)P2 levels caused premature actomyosin contraction, indicating that PI(4,5)P2 promotes NM2 activity. 47 Taken together, we propose that ASAP1 mediates effects of PI(4,5)P2 on the actomyosin networks via cycles of interactions with NM2 under the control of ArfGTP hydrolysis (Fig. 3) . In this speculative model, PI(4,5)P2 binding to ASAP1 drives a conformational change allowing ArfGTP to bind, with changes in the BAR domain that allow binding to one form of NM2. GTP hydrolysis then facilitates transition to another form of NM2. In Fig. 3 , for example, state 1 might be the 10S form, which transitions to state 2, the 6S form. Other possibilities include single 6S to 6S bipolar filaments, or unphosphorylated to phosphorylated Thr18/Ser19 of RLC. Linking the changes in NM2A to the catalytic cycle of ASAP1, which is highly regulated and rapid (k cat of 150 events/sec), may enable rapid switching between NM2A states necessary for cell movement.
ASAP1 may be representative of a new class of NM2 regulators. Five other Arf GAPs, including ASAP2, 3 and ACAP1-3, contain N-terminal BAR-PH domain tandems. Three have been studied and found to affect the actin cytoskeleton. ASAP3, for instance, has a role in stress fiber formation. 48 Knockdown of ASAP3 reduced phosphorylation of RLC of NM2, and slowed migration and invasion of mammary carcinoma cells. The results are consistent with an effect of ASAP3 on NM2, which remains to be explored. Similarly, ACAP1 and ACAP2 inhibited the formation of actin-rich CDRs and membrane protrusions. 49 Control of NM2 function could contribute, in part, to the effects.
AGAP1 and Kif2A
Eleven genes encode AGAP-subtype Arf GAPs. 5 The first identified, AGAP1, 2 and 3, are composed of a G protein-like domain (GLD, also called a mitochondrial Rholike protein, or miro domain), split PH, Arf GAP and Ankyrin repeat domains (Fig. 1A) . 50 Similar to other Arf GAPs with PH domains, the Arf GAP activity of AGAPs is stimulated by phosphoinositides. Also like other Arf GAPs, the AGAPs studied to date affect membrane trafficking and the actin cytoskeleton. AGAP1 binds directly to the clathrin adaptor protein AP-3, which together with clathrin can form a vesicular coat.
10,51 AGAP1 also binds to muscarinic receptor and affects its trafficking. 52 Work on the related protein AGAP2 has focused on signaling that can affect FAs, cytoskeletal dynamics and cell migration, proliferation and survival. AGAP2 destabilizes adhesions by binding to and affecting FAK phosphorylation. 12, 53 AGAP2 also binds to b-arrestin, which affects Erk signaling, 11 and to Akt, which increases Akt activity. 54 Both Erk and Akt have been reported to affect adhesion dynamics. [55] [56] [57] Recently, AGAP1, 2 and 3 were found to bind to a kinesin-13 family member, Kif2A 17 that depolymerizes microtubules. The interaction between AGAP1-Kif2A affected actin dependent cell movement, connecting microtubule remodeling with actin remodeling.
Kinesins are molecular motors that bind to microtubules. 18, 20 Kinesins bind and hydrolyze ATP, which provides energy for most kinesins to translocate along microtubules. The kinesin-13 family, comprised of Kif2A, Kif2B and Kif2C, are unconventional kinesins. 58 The motor domain is located midway along the amino acid sequence of the protein with a targeting domain Nterminal to the motor and dimerization domains in both the N-terminal and C-terminal domains of the motor (Fig. 1D) . 59 Kif2C diffuses along the microtubule lattice independent of ATP hydrolysis. It binds the end of the microtubules where ATP hydrolysis drives the removal of tubulin dimers. 60 Kinesin-13s are expressed in and have been studied in mitotic cells. Kinesin-13s have been implicated in regulating microtubule length in interphase 61 and mitotic cells 62 and decreasing the incidence of erroneous kinetochore attachments during mitosis. 63 Kif2A is expressed in terminally differentiated cells including neurons 64 and cardiomyocytes. 65 In mitotic cells, Kif2A has been implicated in mitotic spindle size scaling and centrosome coalescence. 66, 67 In interphase cells, Kif2A has been found to affect microtubule dynamics 68 and collateral axonal branch extension. 64 Kif2 has been reported to affect lysosomal positioning 69 and primary cilium disassembly in preparation for cell division. 70 High Kif2A expression levels are an indicator of poor prognosis and higher metastatic potential, contributing to cell migration and invasion in vitro in squamous cell carcinoma and breast cancer. 71, 72 In transformed bronchial epithelial cells, Kif2A and Kif2C levels are regulated by K-Ras and contribute to the invasive behavior of the cells. 73 Several studies have suggested a connection between the Arf and kinesin pathways. The kinesin MKLP1 was identified as a binding partner of Arf3.
74 MKLP1 is part of the central spindlin complex, which organizes microtubules during cytokinesis. MKLP1 in complex with Rac-GAP1 directs the accumulation of the GEF Ect2 at the central spindle, an event necessary for furrow induction. 75, 76 MKLP1 also bundles microtubules necessary for dendrite formation in neurons. 77, 78 The association between Arf3 and MKLP1 depended on GTP binding to Arf3, consistent with MKLP1 being an effector of Arf3. However, a physiologic function of the Arf3/MKLP1 complex has not been identified. A proteomic screen identified Kif21 as binding partner of the Arf exchange factor BIG1. 79 However, a function of the complex other than potential targeting of Kif21 to the Golgi has not been identified. The Arf GAP ADAP1 (also called centaurin a) was found to bind to Kif13b, 80 a kinesin best described for function in ciliogenesis. Kif13b was found to suppress Arf6 GAP activity of ADAP1, which had consequences on ATP-stimulated human growth hormone secretion from PC12 cells. A potential role of microtubule binding was not identified.
Kinesins were identified as possible binding partners of AGAP-type Arf GAPs in proteomic and 2-hybrid screens. 17 Further investigation revealed a specific association of AGAP1 with Kif2A with functional consequences for both proteins. The interaction was mediated by the GLD and PH domains of AGAP1 and the motor domain of Kif2A. The complex affected the biochemical activity of each protein in a PI(4,5)P2 dependent manner: Kif2A stimulated AGAP1 GAP activity and conversely, AGAP1 stimulated Kif2A ATPase activity.
The association of Kif2A with AGAP1 has several allosteric properties. For instance, PI(4,5)P2 is necessary for the effect of Kif2A on GAP activity, supporting the idea that PI(4,5)P2 binding to the PH domain may affect the association of Kif2A with the GLD-PH domain. PI (4,5)P2 dependent binding of b-arrestin to AGAP2 has been described previously, 11 supporting the idea that the PH domain may modulate protein binding dependent on PI(4,5)P2. A second allosteric phenomenon is that PI (4,5)P2 and Kif2A, together, binding to the GLD-PH domains, affect the function of the GAP domain. One hypothesis that explains the observations, illustrated in Fig. 4 , is being tested. Here, PI(4,5)P2 binding to the PH domain opens the GLD-PH domain, facilitating Kif2A . Hypothesized mechanisms for control of enzymatic activity of AGAP1 by PI(4,5)P2 and Kif2A. 1. Inactive form of AGAP1. We have identified charged patches in the GLD and insert in the PH domain important for activation. The drawing shows a speculated salt bridge, but its existence has not been tested. 2. PI(4,5)P2 (PIP2 in figure) binding to PH domain. The effects of Kif2A are dependent on PI(4,5)P2 binding to the PH domain leading us to speculate that PI(4,5)P2 binding results in a domain rearrangement favoring productive interaction with Kif2A. 3. Kif2A binding to the GLD and PH domains. Kif2A binding was found to increase GAP activity, leading us to speculate that Kif2A causes further domain rearrangement that optimizes AGAP1 binding to the substrate Arf1GTP. 4. Catalytically active PI(4,5)P2¢Kif2A¢AGAP1 complex. Based on work with ASAP1, another Arf GAP that contains a PH domain, we speculate that the catalytic site comprises both the Arf GAP and PH domains which are optimally oriented for binding Arf1GTP and hydrolyzing GTP with the PI(4,5)P2-and Kif2A-induced domain rearrangements.
binding, resulting in a second domain rearrangement allowing the substrate for the GAP, ArfGTP, to bind to the GAP domain.
AGAP1 may function in complex with Kif2A to affect cellular activities. Reduced expression, by transfection with siRNA, of either Kif2A or AGAP1 inhibited wound healing and accelerated cell spreading. 17 Expression of epitope-tagged AGAP1 reversed the effect of reduced expression of endogenous AGAP1 on cell spreading but expression of a point mutant or a deletion mutant of AGAP1 that bound Kif2A poorly only partly reversed the effect of reducing endogenous AGAP1. A mutant of AGAP1 containing only the Kif2A binding domains (GLD-PH) acted as a dominant negative, which accelerated spreading. These results support the idea that the AGAP1Kif2A complex regulates cytoskeleton remodeling associated with cell movement.
Several nonexclusive mechanisms could explain the effect of the association between AGAP1 and Kif2A on cells. Preliminary data indicate that Kif2A may target AGAP1 to FAs (Luo and Randazzo, unpublished) . Targeting AGAP1 with increased localized GAP activity may control ArfGTP levels, which could have several consequences affecting FAs including control of membrane traffic or control of enzymes such as phosphoinositide kinases or phospholipase D; however, an Arf GAP dead mutant of AGAP1 partially rescued the effect of reduced endogenous AGAP1 on cell spreading, 17 suggesting that Arf GAP activity is not the only function of AGAP1. AGAP1 may also function as a scaffold or adaptor protein to affect FAs and associated actin filaments. AGAP2 binds to FAK, which increases FAK activity and destabilizes FAs.
12 AGAP2, in complex with the scaffolding protein RACK1, binds to and inhibits FAK, which also destabilizes FAs. 53 Given the homology between AGAP1 and AGAP2, AGAP1 may also bind FAK and RACK1, affecting FAs either by activating or inactivating FAK. Because FAK activation has been correlated with both FA disassembly and assembly, 12,53,81-85 cellular assays must be designed to quantify FA dynamics in response to experimental manipulations of AGAPs. Other protein partners identified in 2-hybrid screens that might be relevant include Rho-dependent kinase (ROCK), with substrates including myosin regulatory light chain, myosin light chain phosphatase and LIM kinase that affect actin dynamics. 86, 87 Microtubule attachment and stabilization by FAs has been suggested as a mechanism by which FA turnover can be accelerated. 81, 82, 88 The hypothesis posits that when a microtubule contacts a FA, microtubule-dependent delivery of molecules, such as NBR1, MMP and Brag2 (in complex with MAP4K4), that promote FA disassembly will dissolve the FA and facilitate cell migration (Fig. 5) . 81, 83, 84 Counter-intuitively, Kif2A is a microtubule depolymerizer, whose loss should impair cell migration, as increased MT dynamics is correlated with increased cell migration. 89 However, Kif2A could antagonize cell migration by detaching microtubules that associate with FAs, preventing their microtubule-dependent destabilization. This activity would be consistent with a coordinated role for AGAP1 in mediating endosome dependent FAK activation, FA assembly and signaling. 90 In this scenario, AGAP1 would be part of the machinery antagonizing microtubule-dependent FAK inactivation and FA dissolution (Fig. 5) . 81 Interestingly, this model would also predict that AGAP1 and AGAP2 are antagonistic with respect to control of FA assembly and disassembly. Unfortunately, the precise mechanism describing the effect of microtubules on FAs is still under investigation, but preliminary data suggest an intriguing connection to membrane traffic and protein transport. AGAP1 regulation of ArfGTP levels could be coordinated with the regulation of Kif2A to control microtubule dynamics with the membrane remodeling mediated by changes in Arf activity. This possibility is currently being explored.
Conclusions
In addition to the 2 examples of Arf GAP-motor protein complexes described above, AGAP2 and AGAP3 also were reported to bind Kif2A, although the functions of the complexes have not been examined. 17 In unpublished work, Kif2A, Kif2B, Kif2C and Kif15 were identified as possible binding partners of ASAP3, Kif5A as a binding partner of ASAP1 and myo18 and Kif26A as binding partners of ARAP1 (Randazzo, unpublished) . If binding motor proteins is a common property of Arf GAPs, are the proteins in the complexes similarly affected or are there diverse consequences? Evidence already indicates that the effects may be diverse. ADAP1 was inhibited by Kif13b in contrast to AGAP1, for which Kif2A stimulated Arf GAP activity and ASAP1, where NM2A stimulated GAP activity. Furthermore, there is no evidence for an effect of ADAP1 on Kif13b, whereas AGAP1 positively affects Kif2A ATPase activity and ASAP1 may positively affect NM2A activity (Heissler, Chen, Randazzo and Sellers, unpublished) .
A network of interactions could coordinate Arf GAP and motor activities to bring about a specific cellular behavior. For instance, ASAP1/NM2A and AGAP1/Kif2A function could be simultaneously controlled by Arf1GTP and phosphoinositides. Actin remodeling and membrane traffic would, consequently, be coordinately regulated to control adhesion dynamics (Fig. 6 ). In this model, FAs are stabilized by concurrently increasing NM2 activity and decreasing microtubule-induced endocytosis of integrins, owing to the ASAP1/NM2A and AGAP1/Kif2A interactions. The network of Arf GAPs and molecular motors could potentially exert more complex control, with one Arf GAP associating with more than one motor, one motor associating with more than one Arf GAP, imparting diverse consequences to the biochemical functions of the proteins.
Regardless of the specifics of the mechanisms, the association of Arf GAPs with either or both actin and microtubule motors could help explain the cellular activity of the Arf GAPs to control specific membrane and actin remodeling events and is the basis for hypotheses related to connections between the actin and microtubule based cytoskeletons. The possible connections of the ASAP1/NM2A and the AGAP1/ Kif2A interactions in controlling FAs are described above. Other intriguing possibilities include ASAP family members that may bind to both kinesins and NM2A through their BAR domains. Possible mechanisms by which cell behavior could be affected will depend on the specific motors and whether the motors can bind simultaneously or mutually exclusively. Also important to learn will be the role of Arf and phospholipid binding to the Arf GAP for controlling binding of the motors. One would anticipate such an effect given that motors affect GAP activityby the principle of microreversibility -and could be a means by which Arf could coordinately affect the actin and microtubule cytoskeletons.
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ADAP1
ArfGAP Figure 6 . ASAP1 and AGAP1 cooperate to stabilize FAs. In this speculative model, ASAP1 association with NM2A stabilizes NM2A association with actin filaments at the contact sites between FAs and actomyosin stress fibers, which stabilizes FAs. At the same time, AGAP1 functions through Kif2A to destabilize microtubules, preventing the contact of microtubules with FAs, contributing to stabilization of the FAs by preventing endocytosis of integrins that accompanies FA turnover. N, nucleus.
